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We have measured the hyperfine structure of

51

VII using the technique of

collinear fast-ion-beam laser spectroscopy. The output of a dye laser was applied
collinearly to an accelerated 50 keVion beam to produce laser induced fluorescence
spectra for the metastable 3d3 4s and 3d4 configurations. The technique of laser
radio-frequency double resonance, which utilizes an optical photon to deplete a
hyperfine state and an rf photon to repopulate the state, was used to measure
the hyperfine intervals to a high precision. These measurements of the hyperfine
intervals allowed the determination of the magnetic dipole and electric quadrupole
constants for comparison with ab initio theoretical calculations.
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CHAPTER I
INTRODUCTION
The hyperfine interaction is the interaction of the nuclear spin with the
spin of the electron. Since this interaction is several orders of magnitude smaller
than the spin-orbit interaction, it is difficult to resolve the hyperfine structure
by conventional spectroscopic techniques. In addition, the Doppler broadening of
the spectral lines due to thermal motion creates a line width that is several times
greater than the natural line width. The technique of Laser-Radio frequency
Double Resonance (LRDR) was developed to circumvent these difficulties.
Historical Background of Laser-rf Double Resonance
One of the earliest methods for measuring the hyperfine structure of atoms
and molecules is the technique of molecular-beam magnetic-resonance (MBMR),
established by Rabi et al. in 1938 (Childs, 1991a). This technique greatly ad
vanced the understanding of atomic hyperfine structure. Laser-rf Double Reso
nance is a direct descendant of this technique (Rosner et al., 1975), made possible
mainly by the advent of single-frequency tunable lasers. The laser is an effective
tool for investigating atomic states because of its spectral sharpness and ability
to cause fluorescence (Childs, 1991b).
The Laser-Rf Double Resonance (LRDR) method can be used with beams
of thermal neutral atoms, but it becomes even more effective when used with a
beam of fast ions. This is because a fast ion beam is much easier to control and
collimate, and the proper atomic species can be mass-selected. Also, acceleration
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of the ions reduces the velocity spread (Young et al., 1989a). This results in a
narrow line-width.
For example, in measurements of the hyperfine structure in

1 51 • 153

Eu, line

widths of 58-70 kHz were reported (Sen and Childs, 1987), using a slow ion beam
of energy 1.35 keV. A complete study of the hyperfine structure in the 3d2 con
figuration of Sc II improved the precision of the electric quadrupole constant by
a factor of 150, and demonstrated that this constant is well predicted by multi
configuration Dirac-Fock theoretical calculations (Berrah-Mansour et al., 1989).
Precision wavelength measurements to an accuracy of 2 parts in 107 of the
transition energy were made in helium-like boron using fast-beam laser excitation
(Dineen et al., 1991a). This provided an experimental test of the QED and many
body corrections of theory.
The LRDR method normally involves application of an rf signal to the ion
beam, but for low frequencies, the application of an rf signal to the ion beam
perturbs the ion motion. This problem was conquered in measurements of Y II
by applying the rf signal to the laser (Dineen et al., 1991b). In this work, the
hyperfine structure was measured by stimulated Raman or coherent two-photon
spectroscopy.
The LRDR method can also be applied to molecules. In a groundbreaking
LRDR study of

Nt,

56 hyperfine components of fine-structure transitions for

rotational states were measured for 27 rotational levels (Berrah-Mansour et al.,
1991). Some of the most recent work in LRDR (Berrah-Mansour et al., 1992) has
been done for titanium.

3

Overview of LRDR on

51

VII

In this experiment, a fast ion beam was used to reduce the Doppler broad
ening of the line widths via kinematic compression. A tuneable laser beam was
applied collinearly to the ion beam to produce high resolution laser induced fluo
rescence (LIF) spectra of the hyperfine structure of VII ions.
Once the LIF spectra have been analyzed, the individual hyperfine inter
vals of the lower state were measured to high precision by locking the laser on
an optical line and scanning in the radio frequency regime to induce transitions
between adjacent hyperfine levels. This method gives an improvement of up to
three orders of magnitude over previous techniques, and allows calculation of the
magnetic dipole and electric quadrupole coupling constants. When compared with
theoretical calculations, these results provide a foundation for the advancement
of atomic structure theory.
This thesis presents the measurement and analysis of the hyperfine struc
ture of the 5 P3 , 5 P2 , 5 P1, 3 G5 , and 3 G4 optical transitions for the VII ion. In the
following chapters the experimental setup and procedure are discussed, as well as
possible sources of random and systematic errors. The origin of both the natural
linewidth and Doppler broadened linewidths is elucidated. The theory of hyper
fine structure is explained as it develops from the quantization of spin and angular
momentum. Finally, possible improvements in both experiment and theory are
discussed.

CHAPTER II
THE EXPERIMENT
This chapter discusses experimental techniques, the laboratory setup, and
the origin of linewidths. The experiment itself consists of two parts. First we
investigate some optical lines and produce laser induced fluorescence (LIF) scans,
and then we consider some specific hyperfine intervals and measure them using
LRDR. The laboratory setup is presented next, including the laser system and
the ion beam system. Finally, the origin of the linewidths is presented, because
one of the purposes of this particular experiment was to reduce the linewidths and
background noise as much as possible.
Fast Ion Beam Laser Spectroscopy
The use of a fast ion beam in conjunction with a tunable laser beam for
the study of atomic spectroscopy has several advantages. An ion beam is easy
to control and focus using electric and magnetic fields, and the ion can be mass
selected so that no extraneous ions are present. This is achieved by a 90 ° bending
magnet which enables the selection of masses with an uncertainty of 6..m/m

=

1/450. This is shown in Figure 4. In addition, an accelerated ion beam undergoes a
process of kinematic compression in the direction of the beam velocity (Kaufman,
1976). This can be shown by the following argument.
Consider two ions of mass m, one with zero velocity in the z direction, and
the other with a velocity v0

=

(2kT/m) 1 12 due to thermal energy. If both ions

are now accelerated in the z direction through a potential difference V, the final
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velocities will be
(2eV/m) 1 /2

(1)
(2)

The difference in velocities is reduced by a factor· R = 1/2(kT/eV) 1 1 2. For T =
2000K and V = 50kV, this gives a reduction factor of R=9.3x10- 4•
This velocity compression comes about essentially because energy increases
as the square of velocity. This effect is counteracted to a certain extent at higher
velocities because the ion has a shorter transit time. Since it spends less time in
the rf field, the ion has a lower probability for transition. This effect tends to
increase the linewidth.
The lines to be studied were found in a reference which lists fine structure
transitions (Moore, 1971). Since all the atoms undergo a systematic Doppler shift
due to their velocity which is

Vo

1 - /3 cos 0

= l/L (1 - j32)1/2

(3)

where 0 = 0 for the collinear case, the laser should be scanned at a lower frequency
since the light will be shifted towards the blue, from the atom's frame of reference.
The energy of these optical lines have been measured previously by standard
spectroscopic techniques (Moore, 1971). The optical lines which we measured
are listed in Table 1. Here, columns 1-3 describe the lower level and columns
4-6 describe the upper level of the optical transition. The last column gives the
Doppler shifted energy difference. We investigated other lines, but the resulting
fluorescence from these lines had too low intensity to be useful.
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Table 1
Optical Transitions Studied in 51V II
Ground State --+ 1s22s22p63s23p63d4 5 Do
Lower Level
Upper Level
Exitation Electron SLJ
SLJ
Electron
Exitation
Energy
Energy
Config.
Configuration
1
(cm-1)
(cm- )

6.En

3d34s
3d3 4s
3d3 4s
3d4
3d4

23754.99
23891.19
23822.71
22663.85
22594.48

I

a5 P3
a5 P2
a5 Pi
a3 G 5
a3 G4

13741.61
13594.73
13511.71
14655.63
14556.09

3dJ4p
3d3 4p
3d3 4p
3d3 4p
3d3 4p

z5 D4
z 5 D3
z5 D2
z5 F,O5
z5 po4

37531.09
37520.61
37369.01
37352.39
37150.57

(cm-1)

Laser-Radiofrequency Double Resonance
The analysis of the LIF data requires some understanding of the hyperfine
interaction. The nuclear spin angular momentum

f is coupled

with the total

angular momentum j of the electrons. Thus, the total angular momentum vector

F = f + J. Since these vectors are quantized, they combine according
to the rule II - JI < F < I+ J. If we consider, for example, the 3 G5 --+ 5 A

is given by

fine structure transition, using the standard spectroscopic notation 2s+1 LJ , we see
that for I= 7/2 and J

= 10/2, one has F = 3/2, 5/2, . . . , 17/2, as can be seen in

Figure 1. In other words, we expect eight hyperfine levels for the lower state, and
the same for F', since J'
which 6.F

=

J. Additionally, the allowed transitions are those for

= 0, ±1. Thus we would expect 22 possible transitions, and indeed we

did observe that.
Once the LIF data are analyzed, the hyperfine intervals could be measured
using LRDR, constrained only by the 5000 MHz maximum frequency of the dou-

7
bled frequency generator. The technique works as follows: When v0 corresponds
to a transition frequency of the ion in its moving frame of reference, the laser
photon may be absorbed by the atom, causing an optical excitation to a higher
optical and hyperfine level

F

--+

F'.

The decay from this level to other levels

causes detectable fluorescence. Since the decay is not entirely to the initial state,
the population of the hyperfine level

F is depleted.

When the ion reaches the rf

section of the beamline, the rf field drives a magnetic dipole hyperfine transition

-6.F =

0, ±1 in the metastable level. This has the effect of repopulating the

F

state. Since the state is again populated, the laser can once again resonate with
the ions in the probe region, causing a second fluorescence to occur. This second
fluorescence is recorded. The process of depleting and then repopulating a hyper
fine level can be seen from Figure 1. The figure shows an energy level diagram
for the 3 G5 --t 5F5 transition. The F

= 13/2 level is depleted by laser light, and

the rf field repopulates the state by provoking a transition from the F
level to the F

= 13/2 level.

=

11/2

Note that an observation voltage of 80-300 volts is

applied to the pump and probe regions of the beamline so that the ion beam is in
resonance with the laser only at those points. Care must be taken when choosing
this voltage because the Doppler shift it causes could be such that the beam is
on resonance with another hyperfine line in the remainder of the beamline. This
will cause a light shift and a corresponding error in the data. The rf resonance
was measured with the rf field propagating along and against the ion beam. The
average of the parallel and anti-parallel measurements gave a result which is not
Doppler shifted.
For states that were very difficult to deplete, for example the 3d4

3

G4

13/2--+ 11/2 transition, it took 20-30 rf scans to build up any appreciable peak.
The signal was so weak that it was difficult to see if there was any peak at all
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Figure 1. Energy Level Diagram for the 3 G5 ---+ 5F5 Transition.
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Figure 2. Comparison of Strong and ·weak RF Transitions.
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for four or five scans, but eventually a peak could be seen to rise out of the
background. This is possible because the signal increases like N, where N is
the number of counts, but the random noise background increases like

,IN.

In

contrast, the 3d3 4s 5 P3 7 /2--+5/2 transition was exceptionally strong and could
be found by manually scanning the rf frequencies. Both cases can be seen in
Figure 2.
Experimental Apparatus
The experimental apparatus consists of an ion source and beamline, an
argon ion and dye laser system, and a radiofrequency generator. The vanadium

l

Anode

B-field

Lens

Figure 3. Schematic of the Ion Source for Beam Production.
ions were produced in a Danfysic Model 910 ion source, as shown in Figure 3.
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This source works by flowing gaseous carbon tetrachloride over vanadium oxide,
which produces vanadium chloride as a vapor. Then the chloride is stripped away
by electrons moving in a helical orbit constrained by electric and magnetic fields.
The electrons are produced by heating a filament. After being extracted from the
source, the ions are accelerated to 50 keV and mass selected using a 90° bending
magnet. The beam is then focused using a quadrupole magnet and electrostatic
steerers. Typical beam currents were 20 µA total beam, 1.5 µA immediately
following the bending magnet, and 550 nA of the isotope 51 V II on target.
The laser beam is produced by a Coherent argon ion laser which pumps a
Coherent 699-21 ring dye laser. Typical pump power was 4.0 W in the ultraviolet.
The dye laser could be scanned either manually or externally by computer, and
the maximum scan width that could normally be obtained was 10 GHz before
a "mode hop" would occur. A "mode hop" results when the laser is unable to
scan continuously. A properly tuned ring dye laser of this type will give a typical
power output of 100-250 mW, depending on the frequency, the power of the pump
beam and the freshness of the laser dye. The dye pumped was stilbene-3, which
produces wavelengths in a bandwidth of 400-4 75 nm. The actual wavelength could
be read using a Burleigh wavemeter, which is basically an interferometer using a
stabilized internal helium-neon laser as reference. A schematic of this apparatus
is shown in Figure 4.
The radio frequency was produced by an Adret UHF signal generator,
labeled as "synthesizer" in Figure 5. This instrument can produce frequencies
only to 2400 MHz, so an HP 11721A frequency doubler was used to produce the
desired frequency. A Marconi Instruments microwave counter was used to check
if the doubler was actually doubling the signal, and a Millivac Instruments rf
mV meter, labeled as "power meter" in Figure 5, was used to check the power,

ACCELERATION

POST - ACCELERATION
VOLTAGE

PUMP

c:==:::J
----------------

/

PMT

COMPUTER
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RF IN

,.
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DYE LASER I

Figure 4.

PROBE

.»

§

Schematic of the Experimental Apparatus.
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Figure 5. Schematic of the RF Electronic Components.
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because the attenuation changes with frequency for the amplifier and doubler. The
signal was then sent to a Hughes Electron 8929H traveling wave tube amplifier,
and then into the rf section of the beamline(Young et al., 1989b). The actual
rf transmission line is 50 cm long, which is important because it determines the
time that the ion is exposed to the rf signal. A 50 ohm termination was used at
the other end of the rf section. All the components of the rf system are shown
schematically in Figure 5. Various characteristics of the signal generator such as
starting frequency and width of scan could be controlled by the CAMAC interfaces
to the data acquisition computer. A fluorescence is detected at a photomultiplier
tube located at the probe region. An elliptical reflector light detector was used
at the probe region. This reflector is magnetically shielded and has an interior
of polished aluminum. Because of the geometrical nature of an ellipse, a photon
will not undergo more than two reflections before being detected. Light emitted
at one focus of the ellipse will be reflected through the other focus.
Spectral Line Widths
The electronic energy levels of an atom are quantized. This means that
there are discrete transitions that are allowed. It might be assumed then that an
electron undergoing a transition between two energy levels would emit a single
frequency photon w

=

(E1 - Ei )/n . This turns out not to be the case. The

emissions from an atom undergo dispersion effects because the oscillations are
damped, thus producing a Lorentzian profile. In addition, a collection of atoms
has a Maxwellian distribution of velocities which causes a Doppler broadening of
the line. Finally, the atom can undergo collisions which can modify the contour
of the spectral line in a rather complicated fashion (Sobel'man, 1972). We will
consider here only the first two effects.
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Free oscillations of a radiative system must necessarily be damped because
the system loses energy. But a damped oscillation is not monochromatic and con
tains a Fourier distribution of frequencies. To show this, we consider a "chopped"
oscillation that is exponentionally damped.
fort< o
elsewhere
To transform to frequency space,

1
F(w) = r,c.
y 27r

oo
J

dt e-iwt f (t)

-oo

(4)

(5)

By carrying out the integration, we have

(')1/2( -i )

F(w) = ;

Wo - W

+ i,

(6)

The intensity is the magnitude:
I(w) dw = IF(wl 2 dw =

(W0

,/7r
dw
2
2
-W) +r

(7)

This is a Lorentzian profile and is called the natural line width. This is simply
a classical approach to radiative emission from a damped oscillator. It is also a
manifestation of the uncertainty principle r

= 1i/2r which says that the width of

a state is inversely related to its lifetime. In most cases, the widths of lines in
emission spectra are several times larger than the natural line width. This occurs
because the atoms are in motion due to thermal kinetic energy, and each atom
will give off radiation which is Doppler shifted to a greater or lesser degree.
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The relativistic Doppler shift is given by
w = Wo
but for v

✓

c+v
c-v

(8)

« c, this can be approximated
W

V

= W0 + -W0

(9)

C

If the probability for the atom to have a certain velocity is, in general

P(v)dv

= P [w-w
c
]
O

Wo

c
dw

Wo

(10)
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Then, by using a Maxwellian distribution of velocities,
P(v)dv
.

= V 1 -e-(v/v l 2 dv
0

(11)

o ,,.fir

This is simply a canonical distribution arising from the fact that the probability
of a system to be in a state is proportional to the Boltzmann factor, P

= ce-f3E_

Thus the frequency dependent probability is

P(w)dw

where � wn

= wo (vo /c)

=

]

1
(w-w0) 2 dw
exp [ � wn
� wn
,,.fir�w n

(12)

. This is a Gaussian distribution. A comparison of the

Gaussian and Lorentzian profiles can be seen in Figure 6.

CHAPTER III
THEORY OF H YPERFINE STRUCTURE
This chapter first gives an introduction to the effective operator approach
for hyperfine structure, where the magnetic hyperfine constants A and B are
presented. Then an overview of atomic theory is given based on the independent
particle model. Finally, the probability for an atom to make a transition from
one energy level to another by the use of time dependant perturbation theory is
developed.
The Effective Operator Approach
The nuclear hyperfine interaction arises from the vector coupling of the
electron spin and the net nucleon spin, and is several orders of magnitude smaller
than the spin-orbit interaction. Since nucleons possess an intrinsic spin of 1/2h,
nuclei have a net spin except for the special cases in which the nucleon spins pair
off to give a total spin of zero. The total angular momentum for the atom is then

F = i + S + f, where i is the total orbital angular momentum, § is the total
electronic spin, and f is the total nuclear spin angular momentum.
The general hyperfine interaction Hamiltonian is

il = L...,
"r(k)
. r(k)
e
n

(13)

where Tjk) and TJk) are spherical tensor operators of rank k for the electronic
and nuclear spaces (Lindgren, 1984). The terms fork
18

= 1,2,3, etc.

represent the

19
magnetic dipole, electric quadrupole, magnetic octupole, etc., interactions.
The wavefunction for a coupled state (Schwartz, 1955) is the eigenket
jaJIF >, where a represents all other quantum numbers needed to define the
state. The hyperfine interaction to the first order is (Salomonson, 1984)

Ehfs

=<aJIFIHlaJIF>

(14)

By expanding this product, we get

(15)

where< IITn ll > and< IITell > are the reduced matrix elements that are indepen
dent of any magnetic quantum numbers. This equation represents the hyperfine
interaction energy. We can write the two lowest order terms as
1
1{_( )

Af-J

(16)

(2)
1{_

B[3(f · J) 2 + 3f · f/2 - 12 J2]

(17)

where we have 1{_(l) for the magnetic dipole interaction term and 1£(2) is the electric
quadrupole term. By developing the matrix elements of these two operators we
get

3 ( + 1) - 41(1 + l)J(J + 1)
Ehfs _AI<
2 + B I< I<81(21 - l)J(2J - 1)

where A and B are constants and J{

(18)

= F(F+ 1)-1(1+1)-J(J+1). The hyperfine

energies are measured experimentally and then the two interaction constants A
and B are extracted by fitting to Equation 18. The A and B constants can then
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be compared to the results of ab initio calculations.
The Independent Particle Model
In atomic physics, the hydrogen atom represents a completely solvable sys
tem, consisting as it does of two particles. However, the many-electron atom has
in general no exact solution, even though the forces involved are well understood.
This is why the atom is theoretically an ideal system to study the quantum me
chanical many-body problem, including its relativistic extensions.
Normally, in perturbation theory, we start with a system we can solve
exactly and then look at small perturbations to that system. This leads to the in
dependent particle model (Schwartz, 1955), in which each electron is dynamically
independent of the others and moves in a static mean field. In other words, we
assume that the motions of the electrons are de-coupled except through effects of
an average field.
An additional approximation that is often valid is the central field model.
This assumes the potential is spherically symmetric and so we can separate the
electron wavefunction into radial and angular parts (Olsson, 1987).
The Schrodinger equation for a system of Z electrons moving independently
in a spherically symmetric net potential is

(19)
where 'I/Jr is the total eigenfunction for the Z electrons. If we assume that the
electrons are noninteracting, the total wavefunction can be written as a product
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of individual wavefunctions

(20)
and we can separate the equation.
If we use some initial potential we can solve the equation and use the wave
functions to construct a new potential. The iteration of this process so that the
potential and wavefunctions are self-consistant is called the Hartree-Fock method.
The Two Level Model for Absorption
When an atom is subject to an oscillating field such as an rf field, there
is a certain probability that it will be excited to another state (Anderson, 1971).
We can treat this problem as a perturbation (time dependant) to the steady state
solution of the Schrodinger equation (Merzbacher, 1970). Please note that this
derivation is in no way related to the theory of hyperfine structure. It merely
serves to illustrate the origin of the Rabi function. The solutions for the steady
state eigenvalue equation 1-l\J! n

= En \Ji n are
(21)

where the potential V

= V0 (x) is time independent. Now if we consider a small

time dependant perturbation to the potential V(x, t)

= V0 + v(x, t), we have the

Schrodinger equation

(22)

22

frequency
Figure 7. The Rabi T wo-Level Transition Probability.
If we have a basis set of functions '11 n (x, t), we can write the time dependent
solution to this equation in terms of the time independent solution

<I>(x, t)

= L an (t)'ll n (x, t)

(23)

where the coefficients of expansion are functions of time. Substituting this solution
into Equation 22, the result is

(24)
Note that the quantity in brackets vanishes because it is the steady-state equation.
Now if we multiply the remaining terms by some particular unperturbed wave

23
function W m

= exp(-iwnt)'¢m

and integrate, we get

(25)
Because of the orthogonality of the
a• m

1/Jn,

_ _ .:_"""'a n e-i(wn-Wm)tVmn

-

n, L.J
n

(26)

where Vmn is a time-dependant matrix element. This is a system of coupled first
order differential equations. We have made no approximations, and have not yet
included the form of the perturbation.
Now if we would like to calculate the transition probability for an atom
in an electromagnetic field, let us consider the interactions between the atom's
electric charges and the electric field. Since optical and longer wavelengths are
much larger than the size of the atom, we can ignore the spacial dependencies of
the field and consider only the time dependence. So we can write the electric field
as a sinusoidal oscillation

(27)
If we define the zero of the potential energy to be the center of the atom and
consider for now only the x-direction, the potential energy for the electron is

(28)
where

e

is the charge of an electron. We assume that the system is in a steady
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state when the perturbation starts at t=0:

a.(t=O)={:

for n

¥- k

(29)

for n = k

Now we must use an approximation to the perturbation. Let us assume that the
perturbation is small enough so that

fort> 0 ==} an (t)

{«

1 for n

�1

¥- k

for n = k

(30)

Then we may neglect all the terms in Equation 26 except for n = k.
Actually we would like the system to be in two states at t > 0, but since this leads
to coupled differential equations, it will be avoided for now. If we then set m = l
and assume ak(t) = 0, we get the equation

(31)
where vx,k is the matrix element

(32)
By evaluating vx,k we get

(33)
where we have defined
(34)
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The result of integration is

1 _ e (w +w)t _____
+ 1 _ e (wo-w)t
= [ _____
W -W
W +W
i

a/

i

0

0

0

where we have defined

w0

_

w1 - Wk,

l

U

X/k

Eo

fi

(35)

X

Since the perturbation is small, the quantity

u x,k E; will be small. So a1 becomes large only when the denominator becomes
small. In other words,

w1 - wk± w �

so this can be satisfied only for w0

-

0. But since w1 is the upper state,

w1

>

wk,

w � 0. Thus we can neglect the first term.

This gives a probability of

(36)

This is the probability for a transition from a state Ek to a state E1 by absorption of
a photon. The Rabi transition probability (Ramsey, 1956), of which this equation
is a special case, is displayed in Figure 7. The Rabi formula occurs for the more
general case of two coupled differential equations.

CHAPTER IV
RESULTS AND AN ALYSIS
The methods of data analysis are explained here, and the results of extrac
tion of the magnetic dipole and electric quadrupole constants from experimental
measurement are presented. An investigation into possible sources of error and
improvements is presented. Finally, a comparison of experimental results with
theoretical calculations concludes this chapter.
Hyperfine Measurement in
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V II

The LIF (laser induced fluorescence) spectra were analysed by first deter
mining which peak corresponds to which hyperfine transition

F ==> F'.

This can

be difficult because some peaks can overlap, and smaller peaks can be hidden by
larger ones. The process is helped by tables of oscillator strengths which can be
Table 2
Transition Probabilities for the J=5 --+J=5 Transition for 1=7/2
II
11 3/2 I 5/2 I 1;2 I 9/2 I 11;2 I 13;2 I 15/2 I 11;2 I
3/2
6.7
17.2
5/2
11.1
18.0
6.7
11.1
22.7
7/2
13.9
15.2
30.6
13.9
9/2
15.2
11/2
14.7
41.7
12.2
14.7
56.7
13/2
12.2
15/2
7.4
75.9
17/2
7.4
100
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found in most nuclear physics books (Kopfermann, 1958). One of these tables
is shown in Table 2, for the J=5 �J=5 transition for I=7/2. This will help
predict the relative intensity of the lines. Once this is done, the peaks are fitted
to a Gaussian or Lorentzian distribution to find their centers, and calibrated to
energy. Then the energy difference between peaks is measured. An analyzed LIF
scan for the 3 G5

�

5

F5 transition is shown in Figure 8.

The magnetic dipole constant A and the electric quadrupole constant B
were extracted from the hyperfine splitting measurements and fit to the standard
hyperfine formula, Equation 18. A strong rf scan for the 5 P3 7/2�5/2 hyperfine
interval can be seen in Figure 9. For the lower (metastable) levels, the intervals
were measured by rf resonances, whereas for the upper intervals, only laser in
duced fluorescence data is extracted. The results of our fitted measurements to
Table 3
Hyperfine Interaction Constants A and B
Config
3dJ 4s
3d3 4s
3d3 4s
3d3 4s
3d3 4s
3d3 4s

Energy(cm-1)
13741.61
13594.73
13511.71
37531.09
37520.61
37369.01

3d4
3d4
3d4
3d4

14655.63
14556.09
37352.39
37150.57

a P3
a5 P2
a5 P1
z5 D4
z5 D 3
z5 D2

Aobs (MHz)
841.5872 ± 0.0065
1097.3867 ± 0.0157
1463.7246 ± 0.9075
86.7787 ± 0.3326
76.3014 ± 0.6545
1463. 7246 ± 0.9075

B obs(MHz)
-13.3420 ±0.0848
11.4199 ± 0.1106
-1.4111 ± 3.3324
-4.7218 ± 8.7614
22.8307 ± 9.5532
-1.4111 ± 3.3324

a 3 G5
a3 G4
z5 F,O
z5po
4

437.1510 ± 0.0019
346.1978 ± 0.0038
161.1371 ± 0.2373
150.4921 ± 0.2436

-0.0495 ± 0.0556
0.8167 ± 0.1135
20.2902 ± 7.3715
14.7944 ± 6.5018

SLJ
!J

the hyperfine constants A and B can be seen in Table 3. The upper states are
derived from optical spectra, and the lower states are derived from laser-rf double
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resonance.
Sources of Error
Even though the main results of the experiment are the rf measurements
of the lower-state hyperfine intervals, the upper-state hyperfine intervals were also
measured using laser induced fluorescence (LIF). Since the position of the lower
state intervals must be found to a few MHz before the rf frequency can be scanned,
it is crucial to measure the LIF as accurately as possible. One of the essential
requirements for an accurate measurement is a low background rate. To reduce
the background, it is important to have a good vacuum to reduce beam scatter.
It is also important to filter out the light wavelengths that are spurious at the
photomultiplier tube. This is done by the appropriate selection of filters, such
as a wide band filter combined with a 2900 A filter which allow an appropriate
bandwidth.
After generating some initial LIF scans and measuring the energy intervals,
we found that they disagreed for different scans, sometimes on the order of 10-12
MHz. The problem was not the scans themselves, but the calibration of them.
The laser puts out etalon markers, or voltage pulses, at certain regular intervals,
which are used for energy calibration of the LIF scans. The analysis software can
find the etalon markers essentially by taking the derivative of the etalon marker
series. However, if one is not careful in selecting the reference peak marker, the
algorithm may miss some of the peaks, and this will give inconsistent results.
One interesting anomaly noted in the experiment was the existence of
double peaks for the 3 G5 13/2---+15/2 transition. Changes were made to the laser
power, the input rf power, and cable lengths, but the changes did not eliminate
the double peaks or even reduce the relative intensities. After data collection was
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completed, the rf section was removed from the beamline. When the frequency
dependent properties of the rf equipment were measured using an HP 8562A
spectrum analyzer, a remarkable yet not too surprising discovery was made. It
was found that the rf frequency doubler was also passing some power at the
fundamental or undoubled frequency. Two of the peaks were in the expected
place, and two were in a position corresponding to a Doppler shift of half the
actual beam velocity. These peaks were produced by a two-photon interaction,
and in retrospect it can be seen that all the rf spectra are asymmetrical due to
the same effect.
Another obstacle encountered is a phantom pump. When the ion reaches
the pump region of the beamline, the frequency of the laser may correspond to the
energy of a hyperfine transition. In that case, the atom will undergo an excitation,
causing a depletion of that particular hyperfine level. When the ion reaches the
probe region of the beamline, it will again be in resonance with the laser. However,
if the hyperfine level has been previously depleted in the pump region, a reduced
fluorescence will occur. Thus, the percent reduction in fluorescence between the
pump and probe regions gives an indication of the effectiveness of pumping. A
"phantom" or false "pump" occurs due to the fact that the pump and probe
regions of the beamline are at a lower voltage (in effect the ions are slowed in
these regions). It is then possible for the voltage to also steer the beam if the
field is not uniform. Then when the amount of pump is measured (the extent to
which the atomic state is "pumped out"), the reading may be incorrect because
the beam is simply steered away.
Of course, it is crucial that the accelerator voltage remain at a constant
potential in order for the ions to have a uniform kinetic energy. To accomplish
this, an active feedback to the high voltage supply is used, similar to a Wheatstone
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bridge. Even so, some fluctuations of the accelerating voltage do occur, and it is
useful to record these fluctuations.
Further Improvements
One of the more challenging tasks of the experiment was alignment of the
ion and laser beams. For the ion beam this is accomplished by the use of a
quadrupole magnet and two sets of electrostatic steerers, and to a lesser extent by
the bending magnet and source controls. For the laser, alignment is accomplished
by mirrors and two lenses that act as a telescope, serving to focus or defocus the
laser beam at various points in the beamline. The beam overlap is determined
by measuring how much fluorescence is detected at the pump region, and the
amount observed at the probe region (the percent of refill of the state). However,
as previously mentioned, applying a voltage at the probe region can actually
steer the beam. To circumvent this problem, in the future we will attempt to
measure the position of the laser beam directly as follows: The ion beam position
is measured by beam profile monitors, which are helical spinning wires which
generate a current when hit by the beam. The laser beam also hits this wire
and is reflected. So we installed a photodiode in the beamline that will read this
reflection and be measured by an oscilloscope. Both the channels will be triggered
by the same fiducial signal. Preliminary tests show that this is an effective way
to see both the beam profile of the ion and laser beams on the same oscilloscope
screen, and visually overlap them.
Comparison of Results With Theoretical Calculations
Many body perturbation theory (MBPT) calculations on vanadium are
being pursued by Dr. Donald Beck of Michigan Technological University. As
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of May, 1994, some calculations on the J = 5 hfs have been completed (Beck,
1994). For the 3 d4 3 G level, he finds A=436 MHz and B/Q=-21 MHz/b. By
using Fuller and Cohen's Q=-0.05b (Beck, 1994), he gets B=0.01 MHz. This is
in excellent agreement with our experimental values of A=437 MHz and B=-0.03
MHz. Further calculations are expected for the other hyperfine transitions. More
calculations are needed to make an effective comparison with experimental results.
It is expected that the A value will be predicted well (Schwartz, 1955), but in this
case the B value is so small that the calculation is inconclusive, but encouraging.
The vanadium ion is expected to be difficult because it consists of a 3d3 partly filled
subshell surrounded by a single 4s electron. The interaction of this 4s electron with
the "core" causes a polarization of the inner shell. This leads to large many-body
effects known as core polarization. In general, the effective operator approach
has been very successful in predicting the hyperfine structure, and can account
for core polarization. However this approach depends on experimental data, and
is a semi-empirical approach. Therefore it does not reveal new insights into the
atomic structure. An ab inito calculation such as multi-configuration Dirac-Fock
does not consider the effects of core polarization, and thus is ineffective for a
complex atom such as vanadium with several electrons above a closed shell. For
example, in hyperfine measurements of scandium (Berrah-Mansour et al., 1989),
MCDF calculations gave errors of up to 400% for some of the A values. The most
effective ab initio theoretical approach for an atom such as vanadium has been
found to be many-body perturbation theory. It was accurate for scandium and
yttrium, but was inaccurate for titanium (Berrah-Mansour et al., 1992). This
indicates that more work needs to be done in this area, but it is likely that
MBPT techniques offer the most promising route to our eventual quantitative
understanding of the structure of complex many-electron heavy atoms.

CHAPTER V
CONCLUSION
This experiment measured the hyperfine structure of
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V II for the five

metastable levels arising from the 3d3 4s and 3d4 configurations. A collinear laser
ion beam system was used to produce high resolution laser induced fluorescence
scans. These scans were used to extract the hfs constant A to within 0.5 MHz, and
the hfs constant B to within 15 MHz. The method of laser-rf double resonance was
then used to extract the hfs constant A for the lower states to within 10 KHz, and
the hfs constant B for the lower states to within 100 KHz. The precision of this
method is essential for the determination of the electric quadrupole interaction
c<:mstant B. The vanadium ion is of interest because it consists of a 3d3 partly filled
subshell surrounded by a single 4s electron. The interaction of this 4s electron with
the "core" causes a polarization of the inner shell. This leads to large many-body
effects known as core polarization. In general, the effective operator approach
has been able to account for this effect, whereas ab initio calculations such as
the multiconfiguration Dirac-Fock approach have not been as effective. However,
many-body perturbation theory calculations have had success in this area. The
preliminary theoretical calculations based on this experiment are not sufficient as
yet to discuss. This is in part due to the difficulty of the calculations, and therefore
illustrates the importance of experimental measurements to provide support for
the advancement of atomic theory, particularly in the areas of relativistic and
many-body effects.
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